Background/Aims: Cholangiocarcinoma (CCA) is a malignant tumor that is resistant to chemotherapy, so new therapeutic agents are needed. Allicin which is rapidly converted from allin by allinase, is one of the most biologically active compounds in freshly crushed garlic and has been shown to have strong anti-tumor effects. Our aim was to explore the molecular mechanism by which allicin affects the cell proliferation and invasion of CCA. Methods: Cell viability and apoptosis were measured using the CCK-8 assay, colony formation assay, and flow cytometry. Cell migration and invasion were evaluated by wound healing and Transwell assays, respectively. The expression of several proteins involved in cell apoptosis and invasion were assessed by Western blot. The activation of STAT3 signaling was detected by Western blot and immunofluorescence staining. The involvement of SHP-1 was determined using small interfering RNA (siRNA). Moreover, a nude mouse model of human CCA was established to assess the anti-tumor effects of allicin in vivo. Results: Allicin significantly suppressed CCA cell proliferation by activating the caspase cascade, inducing apoptosis, and reducing the expression of proteins downstream of STAT3, such as B-cell lymphoma 2 (Bcl-2), while upregulating Bcl-2-associated X (Bax) protein. In addition, allicin inhibited the migration, invasion, and epithelial-mesenchymal transition (EMT) of CCA cells. Moreover, the protein expression of MMP-2 and MMP-9 was significantly downregulated in CCA cells treated with allicin compared with CCA cells treated with control. Mechanistic investigations indicated that allicin upregulated SHP-1 expression in CCA, and pervanadate treatment reversed the allicininduced downregulation of STAT3. Moreover, suppression of SHP-1 by siRNA overturned the effect of allicin on the induction of SHP-1 and inhibition of STAT3 activation. Additionally, treatment with allicin attenuated tumor growth in the nude mouse model of CCA. Conclusions: Our findings suggest that allicin suppresses cell proliferation and invasion via STAT3 signaling and may be a potential therapeutic agent for CCA.
Allicin Inhibits Proliferation and Invasion

Introduction
Cholangiocarcinoma (CCA) is the second most common hepatic malignancy and is a heavy burden on patients and society; moreover, the overall incidence of CCA has increased progressively worldwide over recent years [1, 2] . For most CCA patients, treatment options are noncurative and mainly involve chemotherapy; a minority of CCA patients are diagnosed with resectable disease, but there is also a high relapse rate among these patients who undergo potentially curative surgery [3] . CCA is generally refractory to most forms of chemotherapy, and the 5-year survival rate ranges from 5% to 15% among all CCA patients [4, 5] . Thus, studies aiming to develop low-toxicity drugs for the prevention and treatment CCA are urgently needed.
Signal transducer and activator of transcription 3 (STAT3) plays a critical role in proliferation, survival, apoptosis, angiogenesis, and metastasis [6, 7] upon stimulation by several cytokines and growth factors during tumorigenesis [8, 9] . STAT3 is a convergent point for a number of oncogenic signaling pathways via phosphorylation at tyrosine residue 705 [10] . Moreover, STAT3 modulates the expression of genes involved in anti-apoptosis (Bcl-2, Bcl-xL, and survivin), proliferation (cyclin D1) [11] , and angiogenesis (VEGF) [12] . Recently, studies have reported that STAT3 is constitutively activated in many cancers, including breast cancer [13] , ovarian cancer [14] , and lung cancer [15] . Inhibition of STAT3 cascade-related protein expression has been shown to induce cell cycle arrest and apoptosis [16] . In CCA, activation of the STAT3 pathway is also vital for cell growth and metastasis [17] .
Several studies have indicated that STAT3 activation is negatively regulated by protein tyrosine phosphatases (PTPs) [18] . Src homology region 2 (SH2) domain-containing phosphatase 1 (SHP-1) belongs to a family of non-receptor PTPs and has been identified as a negative regulator of numerous cytokine signaling pathways [19] . Previous studies have shown that SHP-1 tyrosine phosphatase, which negatively targets phosphorylated (p)-STAT3 signaling in a wide variety of tumors, exhibits significant anti-tumor activity by triggering apoptosis and suppressing tumor formation [20] [21] [22] . Consequently, the STAT3 pathway may represent a target for therapeutic intervention in CCA. Various STAT3 inhibitors have been shown to inhibit tumor cell growth and metastasis in vitro and in vivo [23, 24] .
Natural agents derived from medicinal plants have attracted attention from researchers and clinicians because of their safety, efficacy, and immediate availability, and they are the one of the best sources of drugs and drug leads for novel drug discovery [25] . Natural agents, such as cryptotanshinone [26] , emodin [27] , and betulinic acid [28] , have shown significant efficacy in blocking STAT3 activation. Allicin, an organosulfur compound that can be isolated from freshly crushed garlic, has been shown to possess numerous biological actions, such as anti-inflammation and anti-microbial [29, 30] . Several studies have also reported that allicin represses cancer growth in vitro, including lung cancer, hepatocellular carcinoma, melanoma, and colorectal adenocarcinoma [31, 32] . However, the function and regulatory mechanism of allicin in CCA proliferation and invasion are still not well understood. On the basis of these findings, we sought to examine the potential actions of allicin on the STAT3 signaling pathway in CCA cells. We found that allicin inhibited the STAT3 cascade by inducing the expression of the protein tyrosine phosphatase SHP-1.
Colony formation assay
One thousand CCA cells were seeded in 35-mm dishes and allowed to grow overnight. The cells were then exposed to DMSO or different concentrations of allicin. After 24 h, the medium was replaced with normal medium, and the cells were cultured for another 14 days. Then, the cells were washed gently with phosphate-buffered saline (PBS), and the colonies were fixed with 95% ethanol and stained with 0.1% crystal violet. The number of colonies (>50 cells) in each group was counted under a microscope. Cells (2 × 10 5 cells/well) in 6-well plates were treated with varying concentrations of allicin for 24 h. The cells were collected and washed twice in ice-cold PBS. The cells were incubated with 4 µL FITC-Annexin V and 5 µL propidium iodide (PI) at room temperature for 15 min in the dark. Apoptotic cells were detected using an Annexin V-FITC Kit (BD Pharmingen, Franklin Lakes, NJ, USA) according to the manufacturer's protocol. All samples were analyzed immediately by flow cytometry.
Cell apoptosis assay
Cell migration assay (wound healing assay)
The cells were seeded into 6-well plates in the appropriate culture medium. A sterile 100-μL pipette tip was subsequently used to create wounds. The plates were washed with PBS to remove cell debris, and the cells were incubated in complete growth medium containing either 0, 5, 10, or 20 μM allicin for 24 h. Cell migration was observed with an inverted microscope at different time points (0 and 24 h) post-allicin administration. The number of cells that migrated into the denuded area in each of 6 random fields was measured and quantified with computer-assisted microscopy (Original magnification ×40).
Transwell migration assay
Cell invasion was quantified using Transwell cell culture chambers. The cells were treated with either 0, 5, 10, or 20 μM allicin for 24 h and then harvested. A total of 2× 10 4 cells in serum-free RPMI-1640 medium were added to the upper chamber of the Transwell membranes, which were precoated with Matrigel and RPMI-1640 medium; 600 μL RPMI-1640 medium containing 10% fetal bovine serum was added to the lower chamber as a chemo-attractant. The cells were then incubated for 24 h at 37°C. The cells that adhered to the upper surface of the membrane were removed using cotton swabs, and the cells that had migrated to the underside of the membrane were washed twice with PBS, fixed with methanol, and then stained with 0.1% crystal violet for 30 min. The migrated cells on the underside of the membrane were counted under a microscope at 100× magnification. Cell counts in six random fields of each Transwell membrane were analyzed and averaged.
Immunofluorescence analysis
HuCCT-1 cells were seeded in confocal dishes (1 × 10 4 cells/well) with different concentrations of allicin. The samples were fixed in 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 in PBS. Subsequently, the cells were incubated with the indicated primary antibodies overnight at 4°C. After washing 3 times with PBS, the cells were probed with a red fluorescence-labeled secondary antibody for 30 min in the dark. The nuclei were stained with 4′,6-diamidino-2-phenylindole. Images were taken using fluorescence microscopy (Original magnification ×400). Each immunofluorescence assay was repeated 3 times. Small interfering RNA and plasmid transfection For RNA interference, the negative control (NC) small interfering RNA (siRNA) and the SHP-1 siRNA were purchased from GenePharma (Suzhou, China). The sequences targeting SHP-1 were as follows: 5′-GGAGAAAGGCCGGAACAAA-3′ (siRNA-1) and 5′-CCUCUUUCCGGCCUUGUUU-3′ (siRNA-2).
For plasmid overexpression, STAT3C plasmid was obtained from Liaoning Baihao Biological Technology Co. Ltd. (Shenyang, China). These plasmids or siRNAs were subsequently transfected into the cells using the Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA).
Nuclear protein isolation and Western blot analysis
Nuclear protein was extracted using a Nucleus and Cytoplasmic Protein Extraction Kit (Beyotime, Shanghai, China) according to the manufacturer's instructions. Equal amounts of total or nuclear protein (20-120 μg) were resolved by 8-12% SDS-PAGE and transferred to a PVDF membrane (Millipore, Bedford, MA, USA). After blocking, the membrane was incubated with specific primary and secondary antibodies. The primary antibodies were as follows: anti-STAT3, anti-cleaved caspase-3, anti-cleaved caspase-9, antiBcl-2, anti-Bcl-2-associated X protein (Bax), anti-E-cadherin, anti-vimentin, anti-MMP-2, anti-MMP-9, antip-STAT3 (Tyr705), anti-SHP-1, anti-SHP-2, anti-TC-PTP, anti-histone H3, and anti-β-actin (Cell Signaling Technology, Danvers, MA, USA). The targeted protein band was visualized via chemiluminescence Western blot detection reagent (ECL kit). The intensity of each blot was quantified using ImageJ software after normalization to the corresponding loading control.
Mouse xenograft model
All experiments were performed in accordance with national guidelines and as recommended by the institute's animal ethics committee. Five-week-old male athymic nude mice were purchased from Beijing Vital River Laboratory Animal Technology (Beijing, China). Approximately 2× 10 7 HuCCT-1 cells were injected into the right flank of the nude mice. When the tumors grew to approximately 100 mm 3 , the mice were divided randomly into vehicle or allicin treatment groups (n = 6 per group). For the treatment group, allicin at 10 mg/kg and 20 mg/kg doses was administered by intraperitoneal injection (i.p.) to mice daily for 4 weeks; mice in the control group were administered vehicle. Body weight and tumor volume were recorded every 2 days. Tumor length (L) and width (W) were measured with a Vernier caliper, and tumor volume (TV) was calculated by the following formula: TV = (L × W 2 )/2. The mice in both the treatment and control groups were sacrificed, and the tumors were collected for further analysis.
Statistical analysis
All data are expressed as the mean ± standard deviation of at least 3 independent experiments for each group. Statistical significance was determined using Student's t-test (for comparisons of two groups) or one-way analysis of variance (for multiple group comparisons). A P-value of less than 0.05 was considered statistically significant. All statistical analyses were carried out using the SPSS 21.0 software (SPSS, Inc. Chicago, IL, USA).
Results
Allicin inhibits CCA cell proliferation and colony formation in vitro
Allicin is an organosulfur compound derived from garlic [33] ; the chemical structure of allicin is shown in Fig. 1A . To explore the anti-proliferative effect of allicin, we performed the CCK8 cell proliferation assay using a panel of CCA cells, including HuCCT-1 and QBC939 cells. The cells were treated with varying concentrations of allicin (0, 5, 10, 20, or 40 μM) for 24, 48, or 72 h. Allicin effectively inhibited HuCCT-1 and QBC939 cell proliferation in a dose-and time-dependent manner (Fig. 1B) . To determine the long-term growth inhibitory effects of allicin, colony formation assays were performed. We analyzed the clonogenicity of different CCA cell lines after treatment with different concentrations of allicin. As shown in Fig. 1C , allicin treatment resulted in a marked decrease in the number of CCA cell colonies. Our data indicated that CCA cell proliferation was inhibited by allicin, which was consistent with prior results. These findings showed that allicin may function as a tumor suppressor in human CCA. 
Allicin induces CCA cell apoptosis
In addition, we examined the pro-apoptotic propensity of allicin. Annexin V/PI staining was used to investigate whether allicin can induce apoptosis in CCA cells. Flow cytometry analysis showed that a large percentage of HuCCT-1 cells underwent apoptosis after exposure to allicin (Fig. 2A) . We further investigated the underlying molecular mechanisms by Western blot. Our data indicated that caspases, including cleaved caspase-3 and cleaved caspase-9, which are critical apoptotic proteins, were induced in CCA cells by allicin in a dose-dependent manner. Conversely, the expression level of Bcl-2, which is closely related to tumor cell growth, survival, and apoptosis, was significantly reduced by allicin treatment, whereas Bax levels were significantly increased (Fig. 2B) . Collectively, these results showed that allicin inhibits CCA cell growth and induces apoptosis.
Allicin inhibits the migration, invasion, and epithelial-mesenchymal transition of CCA cells
Cell migration and invasion are significant processes during tumor formation and growth. To determine whether allicin inhibits CCA cell migration and invasion, we cultured HuCCT-1 cells with varying doses of allicin. We examined cell invasion capacity with a Matrigel-coated 
filter. CCA cell invasion was markedly blocked by allicin treatment (Fig. 3A) . As shown in Fig.  3B , allicin effectively decreased HuCCT-1 cell migration in wound healing assays in a dosedependent manner. Epithelial-mesenchymal transition (EMT) is considered to be a critical mechanism regulating the initial steps of metastatic progression. To investigate the effect of allicin on CCA, we examined the expression of EMT-associated markers (E-cadherin, MMP-9, MMP-2, and vimentin). We found that allicin could significantly downregulate the expression of MMP-9, MMP-2, and vimentin and upregulate the epithelial cell marker E-cadherin (Fig.  3C) . These results suggest that allicin has migration and invasion inhibitory effects in vitro.
Allicin inhibits STAT3 signaling in CCA To assess the effect of allicin on STAT3 activation and nuclear translocation, we first identified the effect of allicin on STAT3 phosphorylation by Western blot analysis and immunofluorescence staining assays. After treatment with different concentrations of allicin for different lengths of time, the protein levels of STAT3 and p-STAT3 (Tyr705) in CCA cell lines were detected by Western blot analysis. Allicin clearly abolished STAT3 phosphorylation at Tyr705 without affecting the level of total STAT3 in HuCCT-1 cells in a dose- (Fig. 4A ) and time-dependent manner (Fig. 4B) . Furthermore, after treatment with allicin for 2 h, STAT3 translocation was detected by immunofluorescence staining in HuCCT-1 cells. As shown in Fig. 4C , nuclear translocation of STAT3 was attenuated by allicin treatment. These data demonstrate that allicin minimizes the phosphorylation of STAT3 at Tyr705 and thereby its nuclear translocation in CCA cells. Western blot analysis also confirmed that nuclear STAT3 expression was reduced by allicin, but the total level of STAT3 expression in cell lysates was not changed (Fig. 4D) . These results indicate that allicin inhibits the translocation of STAT3 from the cytoplasm to the nucleus by suppressing its phosphorylation.
Overexpression of STAT3 reverses the anti-tumor effects of allicin
Due to the importance of STAT3 in CCA cell proliferation and invasion, HuCCT-1 cells were transfected with an empty vector or STAT3C plasmid [34] . The growth of HuCCT-1 cells was inhibited by allicin in a dose-dependent manner, which was partially reversed by STAT3C overexpression (Fig. 5A ), but was not affected after transfection with the empty vector. Our results indicated that the inhibitory effects of allicin on CCA cell proliferation are dependent on the suppression of STAT3 activation. Conversely, we investigated the effects on HuCCT-1 cells were resuspended in serum-free medium and seeded into the upper chamber of Transwell inserts precoated with Matrigel. Complete medium containing different concentrations of allicin were added to the bottom well. After 24 h of incubation, images were obtained (×100), and cell invasion was quantified manually. Data are expressed as the mean ± SD; n=3 for each group. **P<0.01 versus the control group. (B) Wound-healing migration assay. HuCCT-1 cells were seeded into six-well plates and allowed to grow to full confluence. Cells were scratched to generate a wound and were then exposed to different concentrations of allicin. Images were acquired after 0 and 24 h (×40). Cell migration was quantified manually. Data are expressed as the mean ± SD; n=3 for each group. **P<0.01versus the control group. (C) HuCCT-1 cells were incubated with increasing doses of allicin. The expression of EMT-related markers was then determined by Western blot. Data are expressed as the mean ± SD; n=3 for each group. **P<0.01 versus the control group. allicin-mediated cell proliferation and invasion after transfection with the STAT3C plasmid. As shown in Fig. 5B , the expression levels of several related proteins, such as cleaved caspase-3 and cleaved caspase-9, were decreased, while MMP-2 and MMP-9 were increased after STAT3C overexpression. A previous study reported that STAT3 may directly mediate apoptosis and EMT in cancer progression [35] . We next elucidated the effect of p-STAT3, a key upstream regulator that influences downstream protein expression, including the proteins above, which have important roles in STAT3-mediated apoptosis and EMT. After transfection with STAT3C, HuCCT-1 cells were treated with different doses of allicin for 24 h, and we found that the expression levels of cleaved caspase-3, cleaved caspase-9, and E-cadherin Cellular Physiology and Biochemistry
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were increased, whereas MMP-2, MMP-9, and vimentin expression was decreased in a dosedependent manner (Fig. 5C ).
Inhibitory effect of allicin on p-STAT3 (Tyr705) is mediated by SHP-1
Numerous PTPs have been reported to be negative regulatory factors of STAT3 (Tyr705) phosphorylation [36] . Therefore, we wondered whether the allicin-induced inhibition of STAT3 could be due to the activation of PTPs. Treatment of HuCCT-1 cells with the broadacting tyrosine phosphatase inhibitor sodium pervanadate for 2 h reversed the 10 μM allicin-induced suppression of STAT3 activation in a dose-dependent manner (Fig. 6A) . This result suggests that PTPs are involved in the inhibition of STAT3 (Tyr705) phosphorylation by allicin. To identify which PTP is involved in this process, SHP-1, SHP-2, and TC-PTP protein expression was analyzed in HuCCT-1 cells. However, there were no notable changes in the expression of TC-PTP or SHP-2 protein, but treatment with allicin led to the increased expression of SHP-1 protein (Fig. 6B) . We next explored the influence of PTP gene silencing. HuCCT-1 cells were transfected with SHP-1 or negative control siRNA for 48 h and then treated with 10 μM allicin for 2 h. As shown in Fig. 6C , knockdown of SHP-1 by siRNA dramatically reversed the effect of allicin on STAT3 phosphorylation at Tyr705. Our results demonstrated that the increase in SHP-1 expression induced by allicin may be associated with the downregulation of STAT3 activation.
Allicin inhibits tumor growth in nude mice bearing CCA xenografts
To assess whether the biological effect of allicin on CCA is clinically relevant, we detected its effect on tumor growth in vivo using subcutaneous CCA-implanted nude mice. (C) HuCCT-1 cells were transfected with siRNA against specific phosphatases including SHP-1 or negative control (NC) for 48 h and were then treated with allicin at the indicated concentration for 2 h. This was followed by Western blot analysis with the indicated phosphatase antibodies. The expression of p-STAT3 Tyr705 relative to STAT3 was quantified by densitometry. Data are expressed as the mean ± SD; n=3 for each group. **P<0.01. 
HuCCT-1 CCA xenografts were established and allowed to grow to approximately 100 mm 3 , after which allicin was administered i.p. daily for 4 weeks. Discernible differences in tumor growth among the allicin-treated and control tumors were observed. As shown in Fig. 7A , our data indicated a great discrepancy in tumor volume between the allicin-treated groups and the control group. In line with this, tumor weight was significantly reduced after allicin administration compared with the vehicle-treated controls (Fig. 7B) . No apparent toxicityrelated events were observed in the allicin-treated animals, and no significant changes in body weight were observed after treatment with allicin (Fig. 7C) . Furthermore, we found that allicin increased p-STAT3 (Tyr705) levels and downregulated the expression of cleaved caspase-9 and vimentin (Fig. 7D) . These results again showed that allicin enhances apoptosis and inhibits EMT. These data implied that the growth inhibitory effect of allicin correlates with the suppression of STAT3 signaling; moreover, few side effects were observed for the therapeutic dose used in mice. These results strongly support the hypothesis that allicin exerts anti-tumor effects on CCA.
Discussion
Conventional therapies for CCA may induce drug resistance and are also associated with a variety of side effects [37] ; therefore, novel therapies for CCA are urgently needed. Accumulating evidence has shown that natural or dietary agents may be novel therapies for cancer [35, 38] . Here, our present study highlights the anti-tumor effects of a natural product, allicin, which mainly involves the suppression of SHP-1-mediated STAT3 signaling. Our findings that allicin could inhibit proliferation, migration, and invasion suggest that it is a potent anti-tumor compound that may be a promising pharmacotherapy for the prevention and treatment of CCA.
Several epidemiological and preclinical findings support the view that an increased dietary intake of garlic can reduce the risks of many human diseases, such as different types of cancer [39] . In our study, we chose to investigate the effects of allicin, the most abundant organosulfur compound in freshly crushed garlic [40] . Allicin has been shown to have different health-promoting effects in several studies; for example，allicin can be used as a cardioprotective agent and is associated with increased endothelial function [41] . Also, there are data comprehensively showing that different mechanisms mediate its anti-tumor effects in various types of tumor cells [42, 43] . In our study, we focused on how allicin inhibits CCA cell proliferation and invasion through STAT3 signaling. STAT3 is a key transcription factor involved in inflammation [44] , angiogenesis [45] , migration, and proliferation [46] . It is considered as an oncogene due to its tumor-promoting effect. Targeting STAT3 in tumors via various methods has shown beneficial effects in both preclinical and clinical studies [47] . Allicin-induced cell apoptosis is a complicated process that is mediated through various pathways and is regulated by many apoptosis-related proteins [43, 48] . Moreover, previous studies have documented that STAT3 is able to affect tumor initiation and promotion [49] . Our data provide evidence that allicin significantly increases the expression of pro-apoptotic proteins, such as cleaved caspase-3/9, to induce apoptosis. Conversely, allicin suppresses the expression of several STAT3-regulated genes, including the anti-apoptotic gene product Bcl-2. Constitutive activation of STAT3 can affect oncogenesis by protecting cancer cells from apoptosis, indicating that the suppression of STAT3 activation by allicin may facilitate the induction of apoptosis. Tumor migration and invasion is a rather sophisticated process and is often correlated with EMT. During the process of EMT, carcinoma cells lose their epithelial characteristics, including polarity and cell-cell adhesions, and acquire a mesenchymal phenotype to obtain an invasive capacity [50] . Several studies have indicated that the expression of MMP-2 and MMP-9 is associated with EMT, and vimentin is often used as a marker of mesenchymally derived cells or cells undergoing EMT during both normal development and metastatic progression [51, 52] . However, the STAT3 signaling pathway has been shown to be involved in tumor EMT [53] . Our results showed that allicin significantly inhibits the migration and invasion capacity of CCA cells and reduces the expression of MMP-2/9 and vimentin, but increases E-cadherin protein levels in a dose-dependent manner. Reversing CCA cell EMT behavior may partly explain the allicin-induced reduction of tumor migration and invasion. These results support the hypothesis that allicin serves as a novel STAT3 inhibitor that antagonizes EMT and may thereby prevent CCA metastasis.
In this study, we found for the first time that allicin suppresses the activation and nuclear translocation of STAT3 via a PTP. SHP-1 is a non-receptor PTP that is mainly restricted to hematopoietic cells and epithelial cells. The SHP-1 tyrosine phosphatase has been shown to play a role in the negative regulation of cell signaling [54] . Notably, SHP-1 has tumorsuppressive potential due to its negative regulation of STAT3 oncogenic signaling during tumor progression [55] . Our results showed that allicin stimulates the upregulation of SHP-1 and that inhibition of SHP-1 expression by siRNA abolishes the inhibitory effects of allicin on STAT3 activation, indicating that SHP-1 is involved in the allicin-mediated inhibition of STAT3 signaling in CCA cells. Therefore, SHP-1 is likely the phosphatase responsible for allicininduced STAT3 dephosphorylation. However, SHP-1 contains two SH2 domains: a catalytic PTP domain and a C-terminal tail [56, 57] . How allicin increases SHP-1 activity remains to be elucidated in a future study. Many drugs have been shown to have anti-tumor effects independent of the p-JAKs Tyk2 and Src, which are the upstream kinases of STAT3 signaling [58, 59] . However, we did not examine whether tumor indexes were changed following the phosphorylation of these protein kinases. In a future study, we will evaluate the upstream kinases of STAT3 signaling.
Whether these in vitro effects of allicin were relevant in vivo was also investigated. Remarkably, our results showed that allicin robustly inhibited tumor growth in tumorbearing mice during the course of the experiment compared with control mice. We also found that allicin downregulated p-STAT3 (Tyr705) and vimentin levels in tumor tissue and increased the levels of cleaved caspase-9 in the treated group compared to the control group, therefore mirroring our data from cultured cells. These results showed that allicin may provide significant clinical benefits in the treatment of CCA.
Our study suggests that allicin may inhibit CCA proliferation and invasion by inhibiting SHP-1-mediated STAT3 signaling. However, in a future study, we should investigate whether allicin induces its anti-tumor activity by impairing/activating other signaling pathways. Further studies are also required to explore thoroughly the molecular mechanism of allicin, which can help us better understand its effect on CCA. In addition, it will be essential to investigate the efficacy of allicin against other types of cancer and whether STAT3 inhibitors may have beneficial therapeutic effects on other types of cancer.
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